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Introduction £
8
In the study of radiation associated with
hypersonic flight, it has been noted in several
papers!™S that the sblation process 1s accompanied H
by an increase in radistion from the vehicle shock
layer. This increase is attributed® to sblation h
products in the boundary layer which have diffused
outward from the surface and attained a high encugh here
temperature to emit optical radiation. A more com-
plete understanding of the process of ablation J
product radistion is desirable and necessary
because, as 1s indicated in reference 1, under X
certain conditions this radiation can be a substan-
tial part of the heating of vehicles entering the
atmosphere. In addition, since the ablation proc-
ess 1s intimately coupled with the energy exchange Ke
mechanism in the boundary layer, en understending
of the gblation product radiation process mey con- X
stitute a diasgnostic tool for the study of atmos-
pheric entry phenomena. 1
Recently, interest has been directed to coni- .
cal shapes for atmospheric entry.® This interest o
arises from & need to reduce the over-all heating
of & vehicle entering at hyperbolic speeds, at .
which the air radistion becomes excessive for a Qe
blunt vehicle. Since air radiation exhiblts a .
strong temperature dependence, it is possible to q
reduce greatly the heating of the vehicle by air Re
radiation and convection by using a conical shape.
Moderately increased convective heating is accepted
for greatly reduced air radiation; however, not
considered thus far is the heating on a cone due r
to ablation product radiation, the presence of
which may influence the minimization of totsl Se
heating.
The purpose of the present peper is therefore 8
to describe a method by which ablation product T
radiative characteristics deduced from tests of
blunt models in free-flight ballistic ranges can be
used to predict ablation product radiative heating u
on a cone. The predictions are arrived at through
an analysis based upon an equation for the radia- v
tion per unit mess of sblated materisl. This equa-
tlon assumes & simple dependence upon meterial and Va
locel values of temperature and density. The empir-
ical constants in the equation are evaluated from v
computed boundary-leyer properties on a blunt vehi-
cle and from observations of ablation product radi- W
ation during ballistic tests of blunt models. The
resulting information is applied to the analysis of
the boundary-layer properties on an ablating cone x
to correlate and predict the ablation product radi-
ation. The predictions are then compared with »
observations of ablation product radistion in J
ballistic-range tests of cones. 2
Symbols 4
¢ boundary-layer edge velocity gradient, sec™? S
cp total specific heat n
E radiant output per unit mass, watts/grem Oc
s = -
"//-I

.

dimensionless stream function

ratio of local static enthalpy to the total
enthalpy

total enthalpy -

. é 9
static enthalpy \{/? -
effective heat of ablation, Joules/gram ’]

i)
local rediative power, watts/cm® ’ J .

radiation constant, \\. L’ 7
watts (cm)sg(gn)'(g*'l)(om - ;

connective heat-transfer constant,
watts-cm™3/2

total thermoconductivity
pu/pwy.w, where u 1s the viscosity

mase injection rate per unit surface area,
gm/co? -sec

total rediating heating flux, watts
local heating rate, watts/cm?

Reynolds number based on boundary-layer edge
condition and slant length

radius from line of symmetry to the location
x on the surface, cm

Schmidt number

surface ares, cm?

temperature, °K

velocity in x direction, lm/sec
velocity, lm/sec

diffusion coefficient

velocity in y direction, km/sec

mass fraction of sblation products in the
boundary lasyer

distance along surface, measured from cone
apex, cm

transformed normal distance, oy dz = p 8y
transformed length

exponential dependence of E on density
transformed distance normal to the wall

half angle of cone

i |
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13 exponential dependence of E on temperature
o density, gm/cm3
[of Prandtl number
Subscripts
b base
e edge of boundary layer
h=0 condition of zero mass injection
w wall
Analysis

The analysis by which the blunt-body ablation
product radistion was correlated, and which is
extended to cones in the present paper, is based
on a consideration of the gross processes which
ocecur in the leminar boundary layer. The initial
assumption is made that the sblation products are
gases, ejected from the surface, and are diffusing
through the boundary layer. The radiant power out-
put per unit mass of ablated material is assumed to
have a power law dependence on temperature snd
density given by

E = KoSrt (1)

where E 1s the power radiated per unit mass of
sblated products (for units, see list of symbols),
p and T are the total properties of the air-
ablation product mixture, and the parameters K, ¢,
and ¢ are constants which depend only on sblation
material. Note that any effects on sblation prod-
uct radiation due to chemistry (species change,

etc.) will appear especially in the magnitude of ¢.

A ¢ value of zero, for example, removes the den-
sity dependence from equation (1) and this infers
that if there are chemicel reactions present they
either produce no change in sblation product radia-
tion or are not density dependent.

A heating flux, Qg, 1s defined as the total
radiant power due to ablation product raediation
vhich is incident on the model surface. If the
source is geometrically and opticelly a thin radi-
ating boundary layer, then Qg 1is obtained by
integrating one-half the radiant power ocutput from
the boundary layer over the model surface; namely,

1 Ve
@ =3 /1 WEp dy ds (2)
Q

surface

where W 1is the mass fraction of the ablation
products in the boundary-layer mixture, p is the
total gas density (air and ablation products), both
being functions of y, the distance normal to the
ablating surface. Contributions to the integral
are negligible beyond y,, defined as the value of
y vhere W is 0.5 percent of the wall value.

Blunt-Body Analysis

The application of equation (2) to the bound-
ary layer of a blunt body and the use of test data

to evaluate the constants ¢, &£, and K in equa-
tion (1) are described in detail in reference 1 and
are briefly outlined below.
P

For blunt-body boundary layers, equation (2) ¢
may be integrated in closed form if several simpli-
fying assumptions¥* are made. The most important of
these are: (a) the velocity, temperature, and
ablation product mass fraction are llinear functions
of the transformed normel distance from the wall,
z, defined by

pdy=pwdz (3)

(b) the varisbles all reach edge values at the same
distance from the wall, and (c¢) the mass injection
rate of ablation products is constant over the
blunt face of the model. With these approximations
and several other mathematlcal simplifications,
equation (2) can be integrated in closed form to
give

) 3sKﬁpe§T§+2
® U 20(e - £+ 1)(E - £+ 2)(Te - )2

(&)

where s 1s the surface area of the model face, h
is the mass injection rate, and C 1is the edge
velocity gradient parallel to the surface. Measure-
ments of Qg obtalned from observations of blunt
models made of polycarbonate and polyethylene were
correlated by use of equation (4) to obtain values

of K and {. The approximate values so obtained
are:
Polycarbonate: K = 7x1078 ; t =0
Polyethylene: K = 6x10°7 ; £ = 0.66

Evaluation of ¢ from the polycarbonate data gave
3.5 %1, whereas insufficient variation of edge tem-
perature for the polyethylene tests made meaningful
determinations of ¢ for polyethylene difficult.

A value of 4.0 was used for convenience to corre-
late the data for both materials.

Flgure 1 demonstrates how well the blunt-body
date of reference 1 is correlated by equation (L)
with the sbove values of the parameters. The fac-
tor Te¢™* appropriate for & = 4 and Ty << Te was
used t0 reduce velocity dependence and sllow a con-
cise presentation over the velocity range of the
data. The shaded regions in the figure represent
equation (4) evaluated for a velocity range of
5 to 7 km/sec. The figure shows thet the equations
correlate the data to an accuracy of approximately
+50 percent. The fact that polyethylene ablation
product radiation is more sensitive to changes in
edge density 1s readily apparent, and this fact is
reflected in the numerical magnitude of the density
exponent. The reason the curves plotted in fig-
ure 1 do not exhibit slopes that compare with the
value of & 1listed above {e.g., the curve for
polycarbonate does not have zero slope) is that

terms in equation (4) other than peC have

implicit density dependencies. The mass injection
rate, m, has a strong density dependence. For the

*The assumptions are based upon reasonsble
approximations of the boundary-layer processes on
an ablating blunt body and are discussed in
reference 1.




test conditions, for example, convective heating
was the primary energy source causing ablation;
thus the mass injection rate varies approximately
as the square root of the boundary-layer-edge
density.

Cone Analysis

‘To predict the ablation product radiation
from boundary layers on cone-shaped bodies, equa-
tion (2) must be integrated with the appropriate
boundary layer, temperature, density, and ablation
product distributions, which are different from
those on & blunt body. As will be shown, the dis-
tribution of temperature within the boundary layer
on a conical body is so nonlinear that the simplil-
fying linear spproximations used in the blunt-body
anelysls can no longer be applied. To obtain the
distributions of locel velues of temperature, con-
centration of ablation products, and density, it
was necessary to obtain machine solutions of the
differential equations for momentum, energy, and
mess conservation in the boundary layer, with
appropriate boundary values specified at the wall
and at the boundary-layer edge. The major assump-
tions which were used to obtain these solutions
are:

1. The boundary layer is thin {usual boundary-
layer assumption?).

2. The injected material (ablation products)
has the same state and transport properties as does
equilibrium air with, of course, the exception that
its rediative property is given by equation (1).

3. The state and transport properties of the
gas are given by the calculations of Hansen.®
(Note: The totel thermal conductivity of Hansen
is used as opposed to the partial conductivity.)

4. The rsdiative energy loss from the boundery
layer is neglected (i.e., no radiative-convective
coupling).

A complete description of the solutions of the
boundary-layer equations for a cone is to be found
in the appendix. A typical set of boundary-layer
profiles resulting from these solutions is shown in
figure 2. The figure shows the variation of the
boundary-layer temperature and ablation product
mass fraction with distance from the wall. Shown
also are the same distributions for the blunt body,
as calculated from the earlier blunt-body anelysis.*
The calculations are based on the model configura-
tions, 30° half-angle for the cone, and nose radius-
to-diameter ratio of 0.7l for the blunt body. The
free-stream density and veloclty are equal for both
geometries. Note that the mass fraction distribvu-
tlon for both cases is nearly a linear function of
distance from the wall. However, the temperature
distributions are markedly different; the boundary
layer of a cone is bounded by & much lower edge
temperature and shows a small overshoot of this
temperature within the layer.

The local value of the radiation in power per
unit volume is given by the expression

*In converting the linear profiles of refer-
ence 1 to the form of figures 2 and 3, it was
assumed that the state properties of the mixture
boundary layer are those of equilibrium air.

7 = VB & Wpo Tt (5)

The distribution of J, normalized by its maximum
value, is shown in figure 3 for both configura-
tions. The effect of the difference in the tem-
perature distributions is clearly evident; the
maximum radiation occurs at smaller values of

y/ye for a boundary layer on a cone as contrasted
to that on a blunt body. Further, because of the
positive value of the density exponent ¢{, the
maximum of the polyethylene radiation is shifted
toward the wall for both geometries. The maximum
level of J 1is indicated for each case. Since
the areas under each curve are approximately
equal, the heating flux per unit area for equal
thickness boundary layers is approximastely pro-
portional to Jpygx. Thus it can be seen that the
local ablation product radiation to the surface
will be & factor of 5 to 10 higher (for poly-
carbonate and polyethylene, respectively) for the
blunt body at equal flight conditions and at equal
Ye. However, yo increases from zero as x/2 for
the cone and is essentially constant for the blunt
body. For the case sbove, with the additional con-
dition of base diameters of L centimeter for both
geometries, the total ablation product radiation
flux, Q,a, is calculated as approximately a factor
of 10 to 20 higher (polycarbonate and -polyethylene,
respectively) for the blunt body than for the cone.

The final form of equation (2) for a boundary
leyer on & conical body, as developed in the
appendix, is

1 1efuy sin 6% 3
(%
Rel/21el/2

o <1-sw><e>< > m (6

where g 1s the ratio of local static enthalpy to
the total enthalpy, Re is the Reynolds number based
on slant length, 1 = pu/pwpw, u 1is the viscosity,
Xp 1s the slant length of the cone, and n 1is a
transformed normal distance given by

l:yodv

Uer

N3

where

x
7=fp uer2 dx
A

Experimentel Apparatus

A swall amount of data on ablation product
radiation from cones was collected for comparison
with the results of the analysis. The facility
used was the Prototype Free-Flight Facility of the
Ames Research Center. This facility is described
in detail in reference 9. Models were launched by
a light-gas gun into a test chamber containing air
at various pressures. Radiometers and conventional
ballistic-range shadowgraphs spaced along the test
chamber provided data on radiant intensity, model
velocity, and attitude. The tests covered a free-
stream density range of 0.007 to 0.13 amagats, and
were made at velocities of approximately 7 km/sec.




The models were 30° half -angle cones with a base
diameter of 10 mm. The ablating models were made
of polyethylene and polycarbonate (trade name,
Lexan). Nonsblating models made from aluminum were
also tested. Tests of blunt-nose models were of a
similar nature and are reported in reference 1.
These tests cover a velocity range of 4.5 to

7.5 km/sec.

Eleven narrow-pass (typically 0.0k micron)
radiometers were used to determine the spectral
intensity of radiation from 0.2 to 1.1 microns.
Bach radiometer conslsted basically of a mltiplier
phototube, a narrow-pass optical filter and two
slits, as is shown schematically in figure 4. Slit
width was chosen to allow observatlon of the radia-
tion from the forebody shock layer without inter-
ference from weke radiation. Calibration of the
radiometers and data-reduction procedure is
described in detail in reference 1.

Data and Data Reduction

Figure 5 shows the general features of radia-
tion about cones. The figure is a photograph of an
ablating cone taken with an image-converter camera.
The light source was the radiation in the vicinity
of the model. The effect of the S-11 spectral
response of the image converter and the transmis-
sion of the lens and test section window limits the
responsive wavelength region to 0.39 to 0.65 micron
and, as will be shown later, the major fraction of
the radiation that falls into this spectral region
is from sblation products. The figure is thus
primerily a photograph of the radiating sblation
products. The pattern of radiation is not symmet-
ric because of slight angle of attack.

Figure 6 presents typical spectra of the
observed rsdiation in watts per micron into Ux
steradians, obtained from sblating and nonablating
cones. The eblation material is polyethylene (the
same general features are observed in spectra from
ablating polycarbonate) and the nonablating model
is & copper-tipped aluminum cone. These spectra
are constructed by fairing curves through the datae
which are represented by the horizontal lines whose
lengths indicate the SO-percent bandpass wldths of
the radiometers. The area under each line indi-
cates total power viewed by each radiometer in its
wavelength band. Included for reference is the
spectrally responsive region of the image converter
used to obtain the photograph presented previously
in figure 5. For purposes of comparison, the maxi-
mum possible surface radiation contribution, milti-
plied by 100, is also presented in figure 6. The
calculation of the surface contribution is based on
an emissivity of one and a surface temperature of
1000° K.* It is apparent from the figure that the
contribution of the surface radiation to the total
radiation observed is insignificant. Further tests
described in reference 1 show similar resuits for
blunt bodies. Thus, the spectrum from the ablating
model is considered to represent radiation from

*Approximately 1000° K is given for the surface
temperature of ablating polyethylene in reference
10 and Messrs. T. Wentink, Jr., L. Isaacson, and
G. Economou of AVCO Corp. have recently measured by
photometric techniques the same temperature for
ablating polycarbonate. The aluminum surface is
limited to its melting temperature, 920° K. Hence,
the estimate shown is roughly applicable to both
types of models.

ablation products and from air in the shock layer,
whereas the spectrum from the nonablating model
represents radiation from the air in the shock
layer slone. It can also be seen that the ablation
product radiation is generally at wavelengths
longer than 0.45 micron. It is apparent that the
radiation contributed by the ablation products is
comparable to that generated by air in the shock
layer. A similar observation was made for blunt
models In reference 1.

The observations of the radiation from the
shock layer were converted to ablation product
heating flux, Qz. To obtain the values of Qg
reported in this paper the spectra were integrated
from 0.45 to 1.1 microns (the same spectral range
used in ref. 1), multiplied by 2 because approxi-
mately one-half the radiation is blocked from view
by the model and then divided by 2 because the sur-
face intercepts approximately one-half the radiant
energy. Ablation product radiation occurs beyond
1.1 microns;? hence, the data herein are considered
to be lower limits.

A summary of data from cimilar blunt model
tests is given in reference 1, whereas the follow-
ing table gives & summary of data obtained from the
cone model tests, together with other test param-
eters. Data were not included from cone tests
where the angle of attack was greater than approxi-
mately 5°, since ablation product radiation was
found to be sensitive to angle of attack.

Ablation v
" lee Pu/%

Qa,
materiel  km/sec watts “e’Po  Re

Polyethylene 6.88 0.0066 0.2 0.062 0.05x10°
7.16 .066 1.0 .60 .5%108

6.91 .13 1.6 1.2 1.0x10%

6.61 .13 L4 1.1 1.0x108

Lexan 6.05 .12 30 1.0 0.8x108

Comparison With Data From Cone Models

In this section the data taken during tests of
ablating cones will be compared with predictions
based upon the preceding analysis. To obtain the
predictions, the temperature, density, and enthalpy
distributions were calculated for several values of
boundary-layer-edge density and free-stream veloc-
ity. Equation (6) was integrated and the radiation
from both polycarbonate and polyethylene sblation
products was calculated for the geometry of the
conical test model. The results of the calcula-
tions are shown in figure 7 as the shaded regions.
Here again Q, has been divided by the fourth
power of the boundary-.layer-edge temperature, as
indicated by equation (6) for t = 4., In computing
the edge conditions for these predictions, it was
assumed that the shock layer was in thermodynamic
and chemical equilibrium. The figure shows that,
within the framework of the assumptions of the
analysis, sblation product radiation from the bound-
ary layer on a conical model should have the same
qualitative features as the radiation from the
boundary layer on a blunt model; that is, the gen-
eral level of the peclycarbonate ablation product
radistion is higher than that from polyethylene,
while the density dependence of polyethylene radia-
tion is larger than that of polycarbonate radiation.

Shown also in figure 7T are the ablation prod-
uct radiastive heating fluxes, {g, measuring during



cone model tests. The Reynolds nuubers of these
tests were never greater than one million based on
local flow properties and slant length, so that it
is reasonable to expect laminar boundary layers.
The data show agreement with the predicted values
within a factor of 2. The one exception is a poly-
ethylene data point obtained under low-density con-
ditions such that the air behind the shock wave is
noted to be substantially out of equilibrium from
calculations made by Messrs. D. Eastman and

C. Olson of Boeing Corp. The nonequilibrium con-
dition leads to higher boundery-layer temperatures
than were used in the predictions, which rely on an
equilibrium air assumption; hence, a low predicted
value is to be expected in this instance.

Concluding Remarks

It was shown by experiments performed as part
of this study that one of the major components of
radiation observed during flight of ablating cones
at hypersonic speeds is due to eblation products
present in the shock lgyer. The amount of ablation
product radiation observed 1is a function of abla-
tion material as well as flight parameters.

A method has been described for predicting the
ablation product radiative heating from the bound-
ary layer of a cone. The method relies on ablation
properties deduced from study of a comparable blunt
body. Predictions made by this method agree with
measured values to within a factor of two for the
two ablation materials investigated, polyethylene
and polycarbonate. This agreement is significant
because (1) the distributions of properties in the
boundary leyer of a cone are significantly differ-
ent from those in the boundary layer on a blunt
body, and (2) the average temperatures and den-
sities in the cone boundary layer for the test con-
ditions are lower by & factor of two than those for
the blunt-body test conditions.

Because of the agreement between the cone
tests and predictions, it appears that ablation
product radiative heating fluxes on bodies of
arbitrary shapes can be predicted if the appropriate
boundary-layer quantitles can be obtained.

Appendix
The radiative heating flux, ée,: from the

ablation products in the boundary layer to the wall
is given by equation (2) of the text as

. 1 Ye
Qa=-2— f WEp dy ds

surface

(a1)

where

(a2)

To integrate equation (Al) for the case of an
gblating cone, W, p, and E mst be specified in
terms of the variable of integration. Thus the
equations describing the appropriate boundary-leyer
flow mist be formulated and solved.

The major assumptions used in defining the
present model of the boundary layer with mass injec-
tion on a cone in equilibrium air are:

1. The usual thin boundary-layer assumptions?

2. The air state and transport properties are
the total properties of the mixture® (i.e., they
include the chemical reaction terms implicitly)

3. Radiative and convective energy coupling
is neglected

L. The mass injected is gaseous and the state
and transport properties are the same as equilib-
rium ajir, with the exception of the radiative prop-
erty which is given by equation (A2).

Under these assumptions the boundary-layer
equations are:

Conservation of mass:

2 (ur) + 2 (pwr) = 0 (3)
dy dx
Conservation of momentum:
du v _ 3 du
el = = = Ak
u = + v 53 <F ay) (Ak)
Conservation of energy:
n, o a_u,f L2 (3.:_ on A
pu =+ ov il <By 35 \e 3y (A5)
Diffusion eguation:
W W D W
oW o _° 2yl o0 A6
puax+pvay By Dday ( )

Equation (A5) is more useful if combined with
equation (Ak) and rewritten in terms of the total
enthalpy, H, as

2
., L, _ 0 (ud A[&@_g@ ]
pubx+pv5y Jy \¢ 9y +3Y2 9/ \9v.
(a7)
where o 1s the Prandtl number. The boundary con-

ditions for these equations are

at y=0,u=0, v=1vy H=H, and W = W, (28)

as y =+ %, u-+u,, H>He, andwW-0

The boundary-layer model is now defined by
equations (A3), (A4), (A6), and (A7) and boundary
conditions, (A8).

The conservation equations are not coupled
with the diffusion equation because of assumptions
2 and 4. Hence, equation (A) may be solved sub-
sequent to the following solution of the coupled
equations (A4) and (AT).

The following transformations and variables
are used:

Uer Y

N

Howarth transformation, n =

p dy
(A9a)



x
Mangler transformation, ¥y = f o, wpwuerZ dx
o (a9p)

Dimensionless dependent variables,

u ) |
f-ffndn, fn-ﬁ—;,and g_H—e (a10)

where variable subscripts indicate differentiation.

The differential equations transform to

(1fnn), + £y = 2y(fnfny - fyfng)  (Alla)
: i (- D) v
= £ + = (1 - =) 2808
(c%)n"&n‘“ﬂe cln*mn
= 27(f7‘|g‘>' - f?'g'fl) (A11b)
523 wT,>n+fwTl = (W, - £,0) (Allc)

vhere 1 = pu/pw,uw, S¢ = u/pVg, and the boundary
conditions trensform to

at 1 =0, £y =0, £ =1fy, g =gy, and W =W,
" (a12)
and as 1 =+ ®, fy > 1, g~ 1, end W20

A streem function, ¥, defined to satisfy
equation (A3) is given by

dy Y

= = pur - = = pvr
oy g x

and is used together with equation (AlQ) to obtain
the value of f at the wall, the blowing parameter.
The result is

x .
J:) n(x)r dx
fy=-—V———- (Ar3)
N2y
where m(x) = [N . and is the rate of mass injec-

tion. For a simple sblation process the wall tem-
perature is taken as constant and @ 1is given bylt

&)

() hepr

(A1k)

where here in the effective heat of ablation
(assumed to be independent of heating rate) and
3c{x) 1s the cold wall convective heating with zero
mass injection* and is given by, for the case of a
cone (see eq. (A22)),

Kc(pe’ ec’v’Tw)

A15)
Jx (

olx) =

*The present analysis is based on convective
heating. More generally, if other heating sources
are to be considered, the equation for M(x) would
be suitably modified.

It is easily shown that fy is not a function

of x. This result, together with the isothermal
wall assumption and the equilibrium air assumptions,
allow the right-hand sides of equations (Al1l) to be
set to zero (i.e., similarity holds).

The relations resulting from setting equa-
tions (Alla) and (A1lb) to zero were programmed
and solved on a digital computer by a fourth-order
Adams -Moulton procedure.>® The equilibrium air
properties, as correlated in reference 13, were
used. Profiles of boundary-layer properties were
generated and a typlcal temperature profile is
shown in figure 2. This figure shows the charac-
teristle overshoot of temperature in the boundary
layer of a cone.

Before equation (Al) is integrated, the mass
concentration must be specified. This can be
obtained by integration of equation (Alle), the
transformed diffusion equation. However, a simple
approximation, consistent with the degree of
approximations used in obtaining the empirical con-
stants in equation (A2) is obtained when we use the
Crocco result, namely, Sc = 1 and ¢ = 1. We can
then write the ablation product mass fraction as

<o (5)

which can be verified by substitution into equa-
tion (Allc) and comparison with equation (A11b).

A similar approach could have been used to solve
the transformed continuity equations, but the
effect of setting the Prandtl rumber equal to unity
would reduce or eliminate the overshoot in tempera-
ture. Since gblation product radiation is sensi-
tive to the temperature (ebout T*), this profile
change could result in significant error in the
evaluation of equation (Al). The sblation product
mass fraction at the wall, required for analytical
formulation of equation (Al6), can be cbtained if

(216)

the net flow of air at the wall is zero. Analyti-
cally,
W
] <$>w + vaw(l -Wy) =0 (p17)
which transforms to
Wiy = Scfy(l - Wy) (A18)

and cen be solved by integration of equation (Allc)
twice using equations (Allb) and (ALl7) with bound-
ary conditions (Al2). The result is

Se
(frn,)
m

Wy = 01 - e (a19)

[hit

Scfwf Lm)__. an
o 1
Using the assumption Sc = 1 reduces (Al9) to

Wy L (A20)

N 1- (ftqnw/fw)

We note that Wy is a function of the blow-
ing parameter, fy, and the shear stress parsmeter,
fYYw' The shear stress parameter is obtained from

solution of equations (Alla) and (Allb).



The total ablation product radiation heating
flux may now be calculated from equation (a1), which
is integrated once and transformed to yield

+1
Kpg TeiWy sin 6%,

G = (e
5J8 Rel/2le1f2
Ne ¢ £
1-e))(e)(L
[[EHEE
where
o.u
Re = -8 &b
He

The following is & description of the calcula-
tion procedures used to evaluate equation (A21).
The steps were:

1. Machine solutions of equations (Alla) and
(A11v) were obtained for a series of different
blowing parameters, fy, at specific flight condi-
tions (i.e., free-stream velocity and density).
The solutions provide profiles of g, the total
enthalpy, p/o,, the density ratio, T/Te, the tem-
perature ratio, and f.fmw, the shesr stress param-
eter.

2, The wall concentration of ablation products
was calculated by means of equation (A20).

3. The raediative heating rate was calculated
from equation (A21) and plotted as a function of the
blowing parameter; a typical example is shown in
figure 8.

4. The blowing paremeter was calculated for
specific materials at the same £flight conditlons as
the preceding calculations.

To calculate the blowing paremeter as & func-
tion of the flight varisbles, one must specify zero
mass injection heating rates and effective heats of
eblation as functions of these variables. The zero
mass injection heating rates as calculated from
solutions of (Alle) and (Allb) are given in refer-
ence l4. For a wall temperature of 1000° K,
(QC)IiJ:o is given by

o
= 0.704 R e
°py Hy

where the units of the coefficient 0.704 are
(km/sec)®*38, The effective heats of ablation, as
reported in reference 15, are:

= (He - B)VO-2®
(A22)

Polyethylene: hepr = 46603 e + 0.5(He - Hy)
(423a)
Polycarbonate: hape = 29103/gm + 0.5(He - Hy)

(A23p)

Substituting equations (A22) and (A23) in equa-
tion (Al4) allows this expression to be used to
integrate equation (Al3) to obtain

_ 0.57h(He - H,)v=C-%6 (a2k)
v ohers

Typical examples of £ for polycarbonate and
polyethylene are shown in figure 9.

With the proper value of £, for the £flight
condition and ablation material under conslderation,
the corresponding velue of Qg was Obtained; thus
the symbols in figure 8 represent the value of £y
for the indiceted conditions and for an effective
heat of ablation corresponding to polyethylene.
This procedure was then repeated for a series of
flight conditions to obtain a plot such as shown
in figure T.
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Figure l.- Blunt-body datae and correlating equation evaluated for

5 km/sec to 7 km/sec.
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Figure 2.~ Boundary-layer profiles of temperature and ablation

product concentration.
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Figure 3.- Profiles of local radiation in the boundary layer.
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Figure 4.- Radiometer geometries.
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Figure 5.- Image-converter picture of an ablating cone.
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Figure 6.- Examples of spectra; V = 7.0 km/sec, p_/p, = 0.013.
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Figure 7.- Comparison of cone data and predictions.
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Figure 8.- Ablation product radiastive heating rates as a

blowing parameter.
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Figure 9.- Blowing parameter as a function of velocity.
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